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Abstract. TiO2 supported Au–Pd and Cu–Pd catalysts were prepared by strong electrostatic adsorption (SEA)
of Pd followed by electroless deposition (ED) of a second metal with incremental surface coverages of Au or
Cu. High dispersion of small Pd particles on the Pd/TiO2 prepared by SEA led to the high amount of second
metal deposition on Pd surface. The Cu addition by ED increased the relative ratio of linear CO adsorption mode
indicating the presence of higher amount of isolated Pd atoms. The ensemble effect of the Cu–Pd/TiO2 catalysts
resulted in the improved catalytic performances in the selective hydrogenation of acetylene to ethylene. However,
as revealed by the blue shift of CO-IR and XPS results, Au addition by ED rather exhibited the electronic
modiﬁcation. The highest catalytic activity was obtained on the 1.10% Au–Pd/TiO2 catalyst; however, the Cu
addition (0.12% Cu–Pd/TiO2 , θCu = 0.37) showed interesting results as only a small amount of Cu was used to
improve the catalyst performances. The bimetallic catalysts were also prepared by conventional impregnation
for comparison purposes. These catalysts exhibited several drawbacks such as low Pd dispersion, formation of
second metal aggregates, and blockage of isolated Pd atoms.
Keywords. Bimetallic catalyst; Au–Pd/TiO2 ; Cu–Pd/TiO2 ; strong electrostatic adsorption; electroless
deposition; selective hydrogenation of acetylene.

1. Introduction
In polymerization process, ethylene is considered as
an initial point for polyethylene production. Typically,
ethylene which is produced by steam cracking of higher
hydrocarbons such as ethane, propane, butane, naphtha,
and gas oil, contains a small quantity of acetylene (<
3%). 1,2 The acetylene contaminant should be removed
to less than 5 ppm in polymerization grade ethylene
feedstocks because it is poisonous to the catalyst for
ethylene polymerization and then degrades the quality
of polyethylene produced. 3–7 One of the methods for
acetylene removal in ethylene streams is the selective
hydrogenation of acetylene to ethylene by using supported Pd-based catalysts. Two important keys for this
process are (i) ethylene selectivity, which is the fraction of acetylene conversion to ethylene, and (ii) catalyst
* For correspondence

lifetime, which is limited by oligomers deposition during the reaction. 8,9 Conventional, supported Pd-based
catalysts have been used to catalyze the selective hydrogenation of acetylene. 10–12 However, the drawback of
Pd-based catalysts is the strong adsorption of both
reactants and products on Pd metal, leading to low ethylene selectivity in spite of high acetylene conversion. 13
In order to reduce contact of Pd with reactants and
products, second metals such as Au, Cu, Ag, Ga, Ti,
Nb, and Ce have been added to dilute Pd metal surface. 2,6,14–19
The role of second metal addition is generally classiﬁed into two factors consisting of geometric and
electronic effects. For example, Cu addition by inserting Cu into Pd matrix was found to decrease the
number of multi-coordination Pd sites responsible for
dissociative adsorption of acetylene. 15 As a result, ethylene hydrogenation was suppressed due to geometric
effect, leading to higher ethylene selectivity. Pei et al., 20
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reported the improvement of ethylene selectivity at high
acetylene conversion upon Cu addition due to both of
geometric and electronic effects, suggesting that the isolation of Pd by Cu and the electron transfer from Cu
to Pd resulted in the weak adsorption of ethylene and
promoted H2 dissociation. The effect of second metal
addition is also dependent on the catalyst preparation
method. Kim et al., 21 reported that the Cu addition into
Pd by a surface redox method exhibited higher acetylene
conversion and ethylene selectivity than those prepared
by incipient wetness impregnation because the former
method resulted in the intimate contact between the
promoter and Pd surface and then led to the modiﬁcation of electronic structure of Pd surface by increasing
the electron density of Pd, thus improving the ethylene
selectivity. Choudhary et al., 14 found that Au addition
by impregnation/deposition precipitation resulted in the
presence of individual Pd and Au particles indicating
no interaction between two metals. Unlike the impregnation/deposition precipitation method, the bimetallic
Au–Pd/TiO2 preparation by redox method led to the
close interaction of Au and Pd. The other drawbacks
of conventional preparation include the lack of homogeneity in particle size and shape in both monometallic
and bimetallic catalysts and the random distribution of
compositions of the two metals. 22,23
Strong electrostatic adsorption (SEA) is a special case
of wet impregnation that results in monolayer adsorption
of metal complexes on the support surface 24–27 and provides higher metal dispersion compared to the conventional incipient wetness impregnation. 25 For the preparation of bimetallic catalysts by electroless deposition
(ED) method, the reducible metal salt (secondary metal)
is selectively deposited onto the catalytically active
sites (monometallic primary metal) through a controlled
chemical reaction with a liquid-phase reducing agent.
The advantage of ED is the selective deposition of controlled amounts of the secondary metal on the catalyst
surface without the formation of isolated crystallites of
the secondary metal on a catalyst support. In our recent
study, the combined SEA-ED method was employed
for the preparation of the bimetallic Ag–Pd/TiO2 catalysts. 7 The dilution of Pd sites by Ag addition was found
to facilitate acetylene adsorption as π-bonded species,
leading to the improvement of ethylene selectivity in the
selective hydrogenation of acetylene.
In this study, the use of combined SEA-ED method
was extended for the preparation of the bimetallic Au–
Pd/TiO2 and Cu–Pd/TiO2 catalysts. The Pd/TiO2 was
prepared by SEA ﬁrst and then the second metal was
added by ED with incremental surface coverages of
Au or Cu. The catalysts were characterized by various analytical methods such as inductively-coupled

plasma optical emission spectroscopy (ICP-OES), Xray diffraction (XRD), Chemisorption using H2 titration,
Fourier transfer infrared (FTIR) of adsorbed CO, Xray photoelectron spectroscopy (XPS), and transmission
electron spectroscopy (TEM). Their catalytic performances were tested in the gas-phase selective hydrogenation of acetylene.

2. Experimental
2.1 Catalyst preparation
2.1a Preparation of the Pd/TiO2 catalyst by SEA
method: The Pd/TiO2 catalyst was prepared by SEA
method according to the procedure described in Riyapan et
al. 7 Firstly, the point of zero charge (PZC) of the support,
which is the pH value at which the electrical charge density on the support surface is zero, must be determined. The
PZC of TiO2 was determined by using the method of Regalbuto. 25,28,29 The commercial titanium dioxide (99.7%, Sigma
Aldrich, China) with a surface area of 50 m2 /g was used as the
support in this study. Water solutions were prepared at various
initial pH values in the range of 1 to 12 with HCl (37%, RCI
Labscan, Thailand) and NaOH (≥ 99%, Merck, Germany).
Then, the TiO2 supports were added into the solutions and
shaken for 1 h. After stabilization, the ﬁnal pH was measured.
The plot of the ﬁnal pH vs the initial pH, also called as pH
shift plot, was obtained and the plateau of this plot indicated
to the PZC of TiO2 supports. The total TiO2 surface area in
solution (surface loading) was ﬁxed to be equal to 1000 m2 /L.
According to the pH shift plot of the TiO2 support, as shown
in Figure 1, the PZC value of the TiO2 was found to be 5.45
corresponding to the ﬁnal pH value of the plateau.
In this study, palladium (II) tetraammine chloride monohydrate (Pd(NH3 )4 Cl2 · H2 O, ≥ 99.99%, Aldrich, USA) was
used as the Pd precursor. Based on the PZC of the TiO2
at 5.45, the [Pd(NH3 )4 ]2+ cation from the Pd precursor
would be adsorbed at pH values above its PZC. Thus, the
Pd uptake-pH survey (adsorption survey) was conducted in

Figure 1.

pH shift plot of the TiO2 support.
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the pH region above 5.45 in order to determine the pH of
strongest interaction. The Pd(NH3 )4 Cl2 solution was made
up at 200 ppm and then adjusted the initial pH with NaOH
in the range of 9–12 for the adsorption of [Pd(NH3 )4 ]2+
over TiO2 support. The prepared Pd(NH3 )4 Cl2 solutions
were considered as the pre-contacted solutions and then the
Pd concentration was determined by ICP-OES technique.
After that, TiO2 was weighed to obtain the surface loading of 1000 m2 /L and added into 200 ppm of Pd(NH3 )4 Cl2
solution. The TiO2 slurries in Pd(NH3 )4 Cl2 solutions were
shaken for 1 h and then measured the ﬁnal pH of these
slurries. Two ml of each slurry solution was withdrawn
and ﬁltered in order to analyze the Pd concentration in
the post-contacted solution. The Pd uptake at various pH
values was calculated form the difference in the Pd concentration between the pre-contacted and post-contacted
solutions.
The Pd surface density, , was determined from the concentration of Pd adsorbed divided by the surface loading as
follows:


Cmetal,initial − Cmetal,ﬁnal
Γmetal =
Surface loading
The adsorption curve in the term of Pd surface density as a
function of the ﬁnal pH is shown in Figure 2. The maximum
Pd adsorption on TiO2 support was reached at the ﬁnal pH
of 11.3 (initial pH = 11.8). A large batch of the Pd/TiO2
catalyst was prepared by adjusting the initial pH (prior to
Pd deposition) which corresponded to the required amount
of Pd adsorption. The surface loading was still maintained
at 1000 m2 /L. The slurry solution was shaken for 1 h and
subsequently ﬁltered. The pre-contacted and post-contacted
solution were used to determine the Pd metal loading by
ICP-OES; in addition, the recovered solid was dried for
12 h. Finally, the Pd/TiO2 catalyst prepared was reduced
with H2 at 200◦ C for 2 h. The amount of Pd loading for the
obtained Pd/TiO2 catalyst prepared by SEA was found to be
1.29 wt%.
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2.1b Preparation of the bimetallic Au–Pd/TiO2 and
Cu–Pd/TiO2 catalysts by using ED method: The 1.29
wt% Pd/TiO2 catalyst prepared by SEA was used to prepare the bimetallic Au–Pd/TiO2 and Cu–Pd/TiO2 catalysts
by ED method. The dispersion of Pd was investigated by
hydrogen titration of oxygen pre-covered Pd sites with
using a Micromeritics ChemiSorb 2750 automated system
as described in the catalyst characterization. The Pd dispersion for 1.29 wt% Pd/TiO2 was found to be 37.9% which
corresponded to 2.76 × 1019 surface Pd sites/g of catalyst. The cyanide metal precursors including gold cyanide
[Au(CN)−
2 ] from potassium dicyanoaurate (KAu(CN)2 , 98%,
Aldrich, USA) and copper cyanide [Cu(CN)−
2 ] from potassium dicyanocuprate (KCu(CN)2 , 100%, STREM Chemicals,
USA) were used as Au and Cu precursors for the synthesis of the bimetallic Au–Pd/TiO2 and Cu–Pd/TiO2 catalysts,
respectively. The molar ratio of metal salt/reducing agent was
initially 1:10 in which hydrazine (N2 H4 , 35 wt% in H2 O,
Aldrich, Germany) and dimethylamineborane ((CH3 )2 NH ·
BH3 ; DMAB, 97%, Aldrich, Russian Fed) were used as the
reducing agent for Au and Cu deposition, respectively. Initial
concentrations of the metal salts were selected based on the
desired theoretical coverage of Au or Cu on Pd, assuming
monolayer deposition and 1:1 surface stoichiometry of Au or
Cu deposited on Pd.
A series of bimetallic Au–Pd/TiO2 and Cu–Pd/TiO2 catalysts with various Au or Cu coverages on Pd was synthesized
by ED method. During ED, the bath for the deposition of
Au was continuously stirred at room temperature; while the
bath for the deposition of Cu was carried out at 40◦ C. The
pH of bath solution was adjusted to maintain at 9.0 ± 0.5 by
dropwise addition of sodium hydroxide (NaOH). The liquid
samples of ED solution were periodically withdrawn at various deposition time and ﬁltered with a syringe ﬁlter in order
to remove the solid catalyst before ICP-OES analysis to mea−
sure the metal cyanide (Au(CN)−
2 or Cu(CN)2 ) concentration
remaining in the bath solution. After 1 h of deposition time,
the ED solution was ﬁltered and the solid catalyst was washed
repeatedly with deionized water to remove all soluble ligands
and salts. After that, the samples were dried under vacuum at
room temperature and stored at ambient conditions.

2.1c Preparation of the bimetallic Au–Pd/TiO2 and
Cu–Pd/TiO2 catalysts by impregnation (IM) method:

Figure 2. Adsorption curve in the term of Pd surface density as a function of the ﬁnal pH.

The 1.29 wt% Pd/TiO2 catalyst prepared by SEA was used to
prepare the bimetallic Au–Pd/TiO2 and Cu–Pd/TiO2 catalysts
by IM method. The gold (III) chloride trihydrate (HAuCl4 ·
3H2 O, ≥ 99.9%, Aldrich, USA) and copper (II) nitrate
trihydrate (Cu(NO3 )2 · 3H2 O, 100%, Aldrich, USA) were
used as Au and Cu precursors, respectively. The 1.29 wt%
Pd/TiO2 catalyst was impregnated with the precursor solution of second metal, dried at 110 ◦ C overnight, and calcined
in air at 350 ◦ C for the Au–Pd/TiO2 and 450 ◦ C for the
Cu–Pd/TiO2 for 3 h. These bimetallic Au–Pd/TiO2 and Cu–
Pd/TiO2 catalysts prepared by incipient wetness impregnation
are denoted as Au–Pd/TiO2 (IM) and Cu–Pd/TiO2 (IM),
respectively.
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2.2 Catalyst characterization
The concentration of metal during the catalyst preparation
by strong electroless adsorption and electroless deposition
was analyzed by ICP-OES technique using the Perkin Elmer
Optima 2100 DV spectrometer (USA). The XRD patterns
were recorded from 20 to 80◦ by using a Bruker D8 Advance
X-ray diffractometer (USA) connected with a computer with
Diffract ZT version 3.3 programs. The XPS was performed
on a Kratos AMICUS X-ray photoelectron spectrometer
(UK) using MgKα X-ray radiation and equipped with Kratos
VISION2 software. The XPS spectra were collected at 0.1 eV
energy step size and 75 eV pass energy. The C 1s line was
used as the internal standard at binding energy of 285.0 eV.
The TEM micrographs of the catalysts were analyzed by
using a JEOL-JEM 2001 CX transmission electron microscope (USA) operated at 100 kV.
The CO adsorbed on the metal surface was measured
by using Bruker FTIR spectrometer (USA) with a liquid
nitrogen-cooled MCT detector. The pellets of 1.5 cm diameter were prepared by pressing ∼ 0.05 g of sample at 6000 lb
force and then placed in a temperature-controlled ﬂow cell.
Before to analyze, the He gas was introduced into the sample cell in order to remove the remaining air and the sample
was reduced in H2 for 1 h at 200 ◦ C, and then cooled down to
30 ◦ C. After that, the pellet was exposed to CO for 15 min and
then purged with He gas. The FTIR spectra were recorded in
the range of 400–4000 cm−1 at a wavenumber resolution of
4 cm−1 and 150 scans.
Chemisorption using hydrogen pulse titration of oxygenprecovered Pd was conducted by using a Micromeritics
ChemiSorb 2750 automated system (USA) attached with
ChemiSoft TPx software. Prior to titration, approximately
0.05 g of catalyst was reduced in ﬂowing pure H2 at 200 ◦ C
for 2 h and then purged with pure Ar for 1 h at 200 ◦ C to
remove chemisorbed hydrogen from the metal surface. After
cooling to 40 ◦ C under Ar ﬂowing, the sample was exposed to
1% O2 /balance He for 30 min to saturate the Pd surface with
adsorbed atomic oxygen forming the Pd–O species at surface.
After that, the pure Ar was introduced for 30 min to remove the
residual O2 . Then, the pure H2 was pulse introduced until no
further H2 uptake was observed which means that all adsorbed
atomic oxygen of Pd–O surface species reacts with the pure
H2 pulse to form H2 O and then the adsorbed atomic oxygen was replaced with the atomic hydrogen. The quantitative
hydrogen consumption was determined by using a high sensitivity thermal conductivity detector (TCD) below the sample
cell. The H2 pulse titration was analyzed based on the equation
of 1.5 H2 + Pd−O → H2 O + Pd−H. This equation assumed
that H2 rapidly reacts with adsorbed O atoms to form H2 O
and to cover the vacant Pd site with atomic H without formation of β-palladium hydride. Thus, the stoichiometry of
hydrogen adsorption was 1.5 H2 : Pd. Based on the inactive
of Au and Cu for hydrogen–oxygen titration at 40 ◦ C, the
concentration of Pd surface sites which were covered by Au
or Cu metals can be calculated by subtracting the Pd surface
site concentration of the bimetallic catalysts from the total

number of surface Pd sites of the monometallic Pd/TiO2 catalyst.

2.3 Reaction study
The selective hydrogenation of acetylene in excess ethylene
was investigated at the temperature in the range of 40–100◦ C.
Approximately 0.15 g of catalyst was packed in a pyrex tubular downﬂow reactor (i.d. 10 mm). Before to test the reaction,
the catalyst was reduced with H2 at 150 ◦ C for 2 h and then
cooled down under Ar to the initial reaction temperature.
The feed gases containing 1.5% C2 H2 , 1.7% H2 , and balance C2 H4 was introduced into the reactor at the temperature
of 40 ◦ C and 1 atm. Each reaction temperature was kept constant for 1 h before increasing to the next point. The feed
composition and gas mixture product at the outlet of reactor
were analyzed by a gas chromatograph equipped with a ﬂame
ionization detector (SHIMADZU FID GC 8APF, Carbosieve
column S-II) in order to detect the C2 H2 , C2 H4 , and C2 H6
and a gas chromatograph equipped a thermal conductivity
detector (SHIMADZU TCD GC 8APT, Molecular sieve 5A)
in order to analyze the H2 .
Since the hydrogenation of acetylene was performed in
the excess ethylene, change in ethylene could not be detected
accurately enough. Thus, the selectivity to ethylene was
determined based on the ethane formation. 30 The acetylene
conversion and selectivity to ethylene were calculated as follows: 13,30–32
C2 H2 (feed) − C2 H2 (out)
×100%
C2 H2 (feed)


C2 H6 formed
Ethylene selectivity = 1 −
× 100%
C2 H2 converted

Acetylene conversion =

3. Results and Discussion
3.1 Catalyst characterization
The XRD patterns of commercial TiO2 support, the
monometallic 1.29 wt% Pd/TiO2 catalyst (after reduction) prepared by SEA, and the bimetallic Au–Pd/TiO2
and Cu–Pd/TiO2 catalysts prepared by ED and IM are
shown in Figure 3. All samples showed the XRD characteristics peaks of anatase TiO2 at 2 θ degrees = 25◦
(major), 37◦ , 48◦ , 54◦ , 56◦ , 62◦ , 69◦ , 70◦ and 75◦ . 33,34
The diffraction peaks for Pd or PdO were not detected
probably because of low content of Pd loading
and/or well-dispersed of Pd nanoparticles on TiO2 support. 23,35,36 The average crystallite sizes of anatase TiO2
were calculated to be in the range of 15–17 nm for all
the samples. There were no changes in the crystalline
phase and average crystallite size of TiO2 after loading
of the metal (Pd, Au, or Cu).

Au–Pd/TiO2 and Cu–Pd/TiO2 in acetylene hydrogenation
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Figure 3. XRD patterns for commercial TiO2 support,
Pd/TiO2 , Au−Pd/TiO2 , and Cu–Pd/TiO2 catalysts.

The kinetics of Au and Cu deposition for the series of
bimetallic Au–Pd/TiO2 and Cu–Pd/TiO2 catalysts prepared by ED with incremental coverage of the second
metal on Pd surface are shown in Figure 4. It is conﬁrmed that Au and Cu were not directly deposited on
the TiO2 support (no change in the deposition curve of
TiO2 ). The Pd surface was required for catalytic activation of the reducing agents as shown by the deposition
curve of the Pd/TiO2 in which the concentration of metal
cyanide decreased with deposition time and a complete
deposition was reached within 10 min.
The dispersion of Pd on the Pd/TiO2 and the bimetallic
Au–Pd/TiO2 and Cu–Pd/TiO2 catalysts were evaluated
by using H2 titration of O-precovered Pd surface sites
based on the inactivation of the second metals (Au and
Cu) as given in Table 1. The Pd dispersion for 1.29 wt%
Pd/TiO2 was found to be 37.9%, which corresponded
to 2.76 × 1019 Pd surface sites/g of catalyst. Increasing
of the second metal deposition, Pd dispersion decreased
indicating the partial blockage of Pd sites by the deposition of the second metals. The ICP results of ED
baths and ﬁltrates conﬁrmed that there was no Pd metal
leaching or Pd dissolution by free CN− ligands after
deposition. 37 Moreover, sintering of Pd particles due
to the effect of reducing agent has been reported to be
negligible under typical ED conditions. 38 Based on the
deposition curve in Figure 4 and the second metal coverage in Table 1, increasing of Au more than 40 μmol/gcat
and Cu more than 25 μmol/gcat resulted in little increase
of deposition of the second metals, suggesting that most
of the Pd surface may be covered by the second metals
and the second metals were much less active than Pd
for activation of the reducing agents. Compared to the

Figure 4. Time dependent metal deposition proﬁles of (a)
Au and (b) Cu deposition.

bimetallic Au–Pd/TiO2 and Cu–Pd/TiO2 catalysts prepared by the conventional impregnation, the bimetallic
prepared by SEA-ED showed higher coverage of the
second metal for a similar loading.
The deviations of exposed Pd sites from the theoretical straight line (solid line) for monodispersed coverage
of second metals on the Pd surface at 1:1 deposition
stoichiometry are illustrated in Figure 5. The beginning
point for the deviation of the actual coverage from the
theoretical coverage pointed nearly complete coverage
of the second metal on the Pd surface and suggested
that the autocatalytic deposition of the second metal
occurred. For low loading of the second metal, the catalytic deposition of the second metal on Pd surface
predominated because the hydrazine is preferentially
activated on Pd compared to Au as well as the dimethylamineborane which is preferentially activated on Pd
compared to Cu. 37,39 The actual Au coverage began to
deviate from the theoretical Au coverage at θAu = 0.20,
which indicated the beginning of the autocatalytic deposition of Au on Au. The autocatalytic deposition of Cu
on Cu was observed at θCu = 0.50. Nevertheless, compared to the values reported previously by Rebelli et
al., 37 for the preparation of Au- and Cu−Pd/SiO2 catalysts by ED method on a commercial Pd/SiO2 with 8.6%
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Table 1. Chemisorption results using H2 titration of O-pre-covered Pd surface sites for
Pd/TiO2 , Au−Pd/TiO2 , and Cu–Pd/TiO2 catalysts.
Sample
1.29%Pd/TiO2
0.15%Au−Pd/TiO2 (ED)
0.33%Au−Pd/TiO2 (ED)
0.50%Au−Pd/TiO2 (ED)
0.57%Au−Pd/TiO2 (ED)
0.75%Au−Pd/TiO2 (ED)
1.10%Au−Pd/TiO2 (ED)
0.75%Au−Pd/TiO2 (IM)
0.02%Cu−Pd/TiO2 (ED)
0.07%Cu−Pd/TiO2 (ED)
0.10%Cu−Pd/TiO2 (ED)
0.12%Cu−Pd/TiO2 (ED)
0.15%Cu−Pd/TiO2 (ED)
0.28%Cu−Pd/TiO2 (ED)
0.30%Cu−Pd/TiO2 (IM)
∗ The

Dispersion (%)

Theoretical coverage (ML)

Actual coverage (ML)

37.9
32.5
32.2
26.3
23.5
17.1
15.6
32.3
35.6
34.5
26.5
23.9
18.9
17.4
28.7

–
0.17
0.37
0.55
0.63
0.83
1.22
0.83
0.07
0.24
0.34
0.41
0.52
0.96
1.03

–
0.14
0.15
0.31
0.38
0.55
0.59
0.15
0.06
0.09
0.30
0.37
0.50
0.54
0.24

theoretical coverage referred to theoretical monodisperse layer (ML) of Au or Cu on Pd

Figure 6. FTIR spectra of CO adsorbed on Pd sites for
Pd/TiO2 and Au–Pd/TiO2 catalysts.

Figure 5. Actual coverage of second metal on Pd/TiO2
as a function of weight of second metal deposition for (a)
Au–Pd/TiO2 , and (b) Cu–Pd/TiO2 catalysts.

Pd dispersion, the autocatalytic deposition of Au and Cu
was found at 0.16 wt% and 0.08 wt%, respectively. It has
been suggested that the autocatalytic deposition could
be delayed on the high dispersion Pd catalysts. 7
The FTIR spectroscopy of CO adsorbed on Pd sites
was performed at 30 ◦ C for both the monometallic
Pd/TiO2 and bimetallic Au–Pd/TiO2 and Cu–Pd/TiO2
catalysts and the results are shown in Figures 6 and 7,
respectively and also summarized in Table 2. For the
monometallic Pd/TiO2 , the CO stretching bands were

NL1

1882 (0.49)
1888 (0.49)
1892 (0.41)
1884 (0.32)
1813 (0.14)
1871 (0.36)
1826 (0.14)
1848 (0.16)
1934 (0.21)
1938 (0.22)
1944 (0.25)
1946 (0.26)
1890 (0.47)
1931 (0.30)
1913 (0.31)
1905 (0.43)
1970 (0.02)
1973 (0.04)
1978 (0.07)
1980 (0.13)
1959 (0.23)
1973 (0.05)
1970 (0.17)
1948 (0.19)
2067 (0.21)
2067 (0.18)
2069 (0.19)
2076 (0.20)
2070 (0.10)
2076 (0.26)
2077 (0.26)
2066 (0.05)
2083 (0.06)
2085 (0.07)
2087 (0.08)
2090 (0.09)
2087 (0.06)
2087 (0.04)
2094 (0.12)
2084 (0.17)
–
–
–
–
–
2116
2109
2108
–
0.31
0.55
0.59
0.15
0.37
0.54
0.24
1.29%Pd/TiO2
0.50%Au−Pd/TiO2 (ED)
0.75%Au−Pd/TiO2 (ED)
1.10%Au−Pd/TiO2 (ED)
0.75%Au−Pd/TiO2 (IM)
0.12%Cu−Pd/TiO2 (ED)
0.28%Cu−Pd/TiO2 (ED)
0.30%Cu−Pd/TiO2 (IM)

NL3

0.382
0.330
0.366
0.417
0.185
0.416
0.600
0.280

Linear/Bridge
Bridge region(NL)
NL2
Linear region(L)
L1
L2
Cu/Cu+
ML on Pd
Samples

Table 2.

resolved into 2 regions consisting of 2000–2100 cm−1
and 1800–2000 cm−1 regions. The former region was
assigned to the adsorbed linear CO on Pd sites whereas
the later was assigned to the adsorbed bridged and
multi-coordinated CO on Pd sites. 40 Those in the linear region could be further deconvoluted into 2 peaks
in the range of 2077–2100 cm−1 (L1) and 2068–
2074 cm−1 (L2), which were attributed to the linearly
bonded CO molecules on defects of low coordination sites such as corners, steps and kinks of Pd(1 1
1) and Pd(1 0 0) surfaces, respectively. 41,42 The nonlinear region observed in the range of 1800–2000 cm−1
could be deconvoluted into 3 peaks corresponding to
the three modes of multiply-bound adsorption of CO on
Pd sites: compressed-bridged (NL1), isolated-bridged
(NL2) and tri-coordinated (NL3) modes. 43 The IR bands
corresponding to CO adsorbed on Pd in the compressedbridged, isolated-bridged and tri-coordinated modes
were reported at wavenumbers 1995–1975, 1960–1925,
and 1890–1870 cm−1 , respectively. 43 The bridged bond
CO adsorbed on defect sites such as particle edges
and corners were observed at 1960 cm−1 , 43,44 while the
bands around 1930–1970 cm−1 and 1970–2000 cm−1
were assigned to bridged bonded species on the terraces of the aggregates and the edges of the aggregates, respectively. 45 Furthermore, the speciﬁc two-fold
bridged bond CO on low index planes such as Pd(1
1 0) and Pd(1 0 0) could be found at peaks 1978 and
1938 cm−1 , respectively. 40,46,47 In addition, the speciﬁc
three-fold hollow sites of CO adsorption on Pd(1 1 1)
surfaces were consistent with the peaks at 1876 and
1812 cm−1 . 40,48 The CO-IR spectra of the bimetallic catalysts can be interpreted by both ligand and ensemble
effects. The ligand effect inﬂuences the position of the
high-frequency bands; in addition, the ensemble effect

FTIR of adsorbed CO peak position and intensity ratio for Pd/TiO2 , Au−Pd/TiO2 , and Cu–Pd/TiO2 catalysts.

Figure 7. FTIR spectra of CO adsorbed on Pd sites for
Pd/TiO2 and Cu–Pd/TiO2 catalysts.
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0.28
0.25
0.27
0.29
0.16
0.29
0.38
0.22

L/(L+NL)
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inﬂuences the intensity of these same bands. For the
FTIR spectra of the bimetallic Au–Pd/TiO2 catalysts,
all the catalysts showed both linear and bridged COPd adsorption bands. Meanwhile, the CO adsorption for
the monometallic Au was reported to be negligible. 37,49
The relative intensity ratio of linear CO adsorption was
not signiﬁcantly changed with Au deposition. On the
other hand, it was found that the relative intensity ratio
of tri-coordinated (NL3) adsorption modes decreased,
while the relative intensity ratios of compressed-bridged
(NL1) and isolated-bridged (NL2) increased upon ED
of Au on Pd because of dilution of Pd surface by deposition of Au conﬁrming the coverage of Pd surface by
ED of Au. Such results suggest the selective deposition
of Au on the three-fold hollow sites on Pd surfaces. The
bimetallic Au–Pd/TiO2 catalysts prepared by impregnation showed the linearly adsorbed CO on Pd (1 1 1)
and Pd(1 0 0) surfaces at 2087 and 2070 cm−1 , the band
for two-fold bridged bond CO at 1959 cm−1 , and two
bands for the three-fold hollow sites of CO adsorption
on Pd at 1890 and 1813 cm−1 . The decrease in relative
intensity of linear band (L2) was consistent with more
coverage on isolated Pd (100) sites by Au. Among the
prepared catalysts, the relative ratio of linear to nonlinear CO adsorption modes was lowest for the Au addition
by impregnation method.
According to the FTIR spectra of the bimetallic Cu–
Pd/TiO2 catalysts, the linear and bridged CO-Pd adsorption bands were apparent in addition to the moderately
strong peak at 2130–2110 cm−1 which was attributed
to CO adsorption on Cu and/or Cu+ sites. 50–52 For the
bimetallic Cu–Pd/TiO2 catalysts prepared by ED, the
intensities of bridged bands signiﬁcantly decreased with
increasing Cu deposition (as shown in Figure 7) indicating the dilution of Pd surface by deposition of Cu. The
results are consistent with an increasing of the intensities
of CO−Cu/Cu+ bands. The relative intensities of linear
and two-fold bridged bond CO adsorption increased, but
the relative intensity of tri-coordinated CO adsorption
modes decreased after Cu deposition, also indicating
that the ED of Cu was selectively occurred on threefold hollow sites of Pd surfaces. The relative intensities
of linear to bridged peaks (L/NL) were found to increase
after addition of Cu by ED. The bimetallic Cu–Pd/TiO2
catalysts prepared by impregnation showed adsorbed
linear CO on Pd sites, which appeared at 2084 and
2066 cm−1 corresponding to adsorbed CO on Pd(1 1 1)
and Pd(1 0 0) surfaces, one band for two-fold bridged
bond CO at 1948 cm−1 , and two bands for three-fold hollow sites of CO adsorption on Pd at 1905 and 1848 cm−1 .
The relative intensity of linear band at 2066 cm−1 (L2)
was largely decreased, while the relative intensity of
another linear band was found to be increased. The

relative ratio of linear to nonlinear adsorption modes
after Cu addition by IM was found to be lower than the
Pd/TiO2 catalysts similar to the results of Au addition by
IM. Thus, it could be concluded that the second metal
addition by IM method resulted in the major deposition
of second metal on the isolated Pd sites.
The effect of second metal deposition by ED method
on the promotion of isolated Pd atoms was somewhat
different from those reported previously by Rebelli et
al. 37 Due probably to the low dispersion of their starting Pd/SiO2 catalysts (8.6% dispersion), the addition of
second metal by ED resulted in an increase of the relative intensity of linear to bridged peaks. Whilst in this
work, the deposition of second metal by ED on Pd/TiO2
catalysts with high dispersion resulted in a decrease of
the linear band due to coverage of isolated Pd sites by the
second metal. Thus, the creation of isolated Pd atoms by
second metal addition not only depended on the nature
of Pd but also depended on the preparation method and
the amount of second metal loading.
Considering the band positions, the FTIR spectra of
the linear and non-linear bands shifted to higher frequencies upon Au deposition, indicating a blue shift
compared to the Pd/TiO2 , suggesting the presence of
electronic effect between Pd and Au (i.e., electron transfer from Pd to Au). According to the literature, both
red and blue shifts could be found in bimetallic AuPd catalysts. 49,53–55 The red shift was observed when
the effect of Pd dilution outweighed the blue shift due
to electronic modiﬁcation of Pd by Au as reported by
Rebelli et al. 37 The linear band of the Cu–Pd/TiO2 catalysts also showed a blue shift due to the electronic effect
between Pd and Cu similar to Rebelli et al., 37 whereas
the non-linear band was found to be shifted to lower frequencies (red shift) relative to the Pd/TiO2 catalysts. It
is suggested that Cu was selectively deposited on contiguous Pd, leading to the creation of isolated Pd atoms.
As a consequence, the intensity of non-linear bands was
obviously decreased and the relative ratio of linear to
non-linear bands was changed upon Cu deposition. It
should also be noted that when the second metal was
added by IM method, the effect of Pd dilution appeared
to outweigh the electronic effect.
The XPS results including the binding energies of
Pd3d5/2 and Au4f7/2 are summarized in Table 3. The
XPS signals of Cu could not be clearly seen because of
very low loading of Cu. Typically, the binding energy
of Pd and Au metals was reported to be in the range of
335.0–335.4 eV 56 and 83.8–84.0 eV, 57 respectively. The
monometallic Pd/TiO2 showed one species of Pd oxides
at 335.6 eV, while the peak of Pd3d5/2 spectra for the
bimetallic Au–Pd/TiO2 catalysts could be deconvoluted
into 2 peaks with FWHM < 2 indicating to two species
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Table 3. Binding energy of Pd3d5/2 and Au4f7/2 for Pd/TiO2 , Au−Pd/TiO2 , and Cu–Pd/TiO2
catalysts.
Samples
B.E. (eV)
1.29%Pd/TiO2
0.50%Au−Pd/TiO2 (ED)
0.75%Au−Pd/TiO2 (ED)
1.10%Au−Pd/TiO2 (ED)
0.75%Au−Pd/TiO2 (IM)
0.12%Cu−Pd/TiO2 (ED)
0.28%Cu−Pd/TiO2 (ED)
0.30%Cu−Pd/TiO2 (IM)

335.6
335.0
335.0
335.0
336.4
335.2
335.5
336.5

Pd3d5/2
FWHM B.E. (eV)
1.96
1.99
1.86
1.98
1.97
1.97
1.99
1.97

of Pd. The former peak at 335.0 eV was attributed to
the electronic effect between Pd and Au and the latter peak was assigned to Pd oxides. In addition, the
peak of Au4f7/2 was shifted to lower binding energy
relative to the Au metal reference. The shift of binding
energy of Pd3d and Au4f towards lower values has been
reported to be due to an electron modiﬁcation upon Au
addition. 23,58,59 Comparing to the binding energy of Au
metal reference, the shift in binding energy was found
to decrease with Au coverage. The higher surface coverage of Au caused the autocatalytic deposition resulting
in the formation of three-dimensional aggregates of Au
on Pd, which are more similar to the Au metal particles. 37 The peak of Pd 3d for the Cu–Pd/TiO2 catalysts
was resolved into 2 peaks similarly to the Au–Pd/TiO2
catalysts. The former peak of Pd3d suggested the electronic modiﬁcation of Pd interacted with Cu and the
latter was Pd oxides. On the other hands, the binding
energy of Pd3d for the bimetallic catalysts prepared by
IM indicated the presence of Pd oxide species consisting
of PdO and PdO2 . 60 Like the Pd3d, the binding energy
of Au4f for the Au–Pd/TiO2 prepared by IM shifted to
higher than the Au metal indicating the formation of Au
oxides. The formation of Pd oxides and Au oxides found
in the catalysts prepared by IM was likely because of the
calcination step.
The typical TEM micrographs of the TiO2 support, the
monometallic Pd/TiO2 , and the bimetallic Au–Pd/TiO2
and Cu–Pd/TiO2 catalysts are shown in Figure 8. The
TiO2 support particles showed a spherical shape with the
average crystallite size of 17–19 nm, which was consistent with the results determined from the XRD results.
No change in crystallite size was found after SEA of
Pd and ED of second metal. For the monometallic Pd
catalyst prepared by SEA, the Pd or PdO was difﬁcult to
observe because of very small particle size of Pd/PdO or
well-dispersion of Pd/PdO on TiO2 supports. Nevertheless, some of the agglomeration of small metal particles
could be seen after the deposition of second metal.

337.3
337.5
337.5
338.2
337.6
338.2
338.1

FWHM

Au4f7/2
B.E. (eV)

FWHM

1.88
1.97
1.96
1.90
1.90
1.99
1.98

–
83.1
83.3
83.4
84.7
–
–
–

–
1.29
1.17
1.72
1.75
–
–
–

3.2 Catalytic reaction results
The catalytic performances of the prepared catalysts
were investigated in the gas-phase selective hydrogenation of acetylene in excess ethylene at the temperature
range of 40–100 ◦ C. The acetylene conversion and ethylene selectivity are presented in Figures 9 and 10,
respectively. For the Cu addition, the Cu–Pd/TiO2 catalysts showed higher acetylene conversion and ethylene
selectivity compared to Pd/TiO2 . The decrease in catalytic activity with Cu coverage was observed since
some of Pd surface sites were covered by Cu as seen by
the lower intensity of the CO-IR spectra. The ethylene
selectivity increased with Cu addition. Typically, the
second metal addition affected acetylene and ethylene
adsorption mode on the catalyst surface that inﬂuenced
the ethylene selectivity in the selective hydrogenation
of acetylene. From the literature, ethylene can adsorb
on isolated Pd atoms with a π-bonded mode and then
easily desorb as ethylene because of relatively weak πadsorption, whereas on the large Pd ensembles ethylene
would adsorb with a multi-σ-bonded mode which is a
strong adsorption and then could be fully hydrogenated
to ethane if H2 is present. 7,61 The adsorption mode
of multi-σ-bonded species on Pd ensembles results in
the formation of ethylidyne that undergoes sequential hydrogenation: ethylidyne → ethylidene → ethyle
→ ethane. 1,62,63 Moreover, the multi-σ-bonded ethylidyne on Pd ensembles has been reported to result
in the catalyst fouling. 64 Thus, the adsorption mode
of multi-σ-bonded ethylidyne should be suppressed in
selective hydrogenation of acetylene. According to our
CO-IR results, the ED of Cu on Pd catalysts could
dilute the contiguous Pd, thus promoting the isolated
Pd atoms. The results in this study suggest that change
in the ensemble size of Pd surface atoms to isolated Pd
atoms upon ED of Cu can alter the adsorption mode of
multi-σ-bonded ethylidyne to π-bonded species, which
promoted the desorption of ethylene, leading to the
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Figure 8.

TEM images for commercial TiO2 support, Pd/TiO2 , Au−Pd/TiO2 , and Cu–Pd/TiO2 catalysts.

Au–Pd/TiO2 and Cu–Pd/TiO2 in acetylene hydrogenation

Figure 9. Acetylene conversion in selective hydrogenation
of acetylene for Pd/TiO2 , Au−Pd/TiO2 , and Cu–Pd/TiO2 catalysts.
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The performances of Au–Pd/TiO2 catalysts were rather
affected by the electronic modiﬁcation upon Au addition as also revealed by the blue shift of both linear
and non-linear bands in the CO-IR and the XPS results.
It has been suggested that charge transfer from Pd to
Au led to the formation of activated Au, which could
adsorb hydrogen. 59,65–67 The selectivity of ethylene also
increased upon Au addition despite its unchanged relative ratio of linear and non-linear species. However, the
relative ratio of tri-coordinated CO adsorption mode was
signiﬁcantly decreased and the compressed-bridged and
isolated-bridged mode was subsequently increased with
Au coverage which suggested the decrease in Pd ensemble size, resulting in an improved ethylene selectivity.
The bimetallic catalysts prepared by impregnation
showed lower catalytic activity than the Pd/TiO2 and the
bimetallic catalysts prepared by ED. The poor catalytic
activity of the bimetallic catalyst prepared by IM was
correlated to the lower relative ratio of the linear band
which indicated to the presence of very low isolated Pd
atoms. The addition of second metal by IM resulted in
the coverage of Au or Cu aggregates on the Pd surface
and the electronic property of the Pd-based catalysts was
barely modiﬁed upon the second metal addition by IM.

4. Conclusions

Figure 10. Ethylene selectivity in selective hydrogenation
of acetylene for Pd/TiO2 , Au−Pd/TiO2 , and Cu–Pd/TiO2 catalysts.

improvement of ethylene selectivity upon Cu addition.
Regarding the electronic effect, some studies found
that Cu addition could modify the electronic structure
of Pd surface by increasing the electron density of Pd,
leading to weak adsorption of ethylene and promoting
the H2 dissociation. 20,21 However, the Cu addition by
ED resulted in the blue shift (according to the CO-IR
results), indicating that electron density on Pd surface
atoms decreased upon Cu deposition by ED. 37 Such
results suggested that the ensemble effect was more
pronounced in our case in which Cu was added to the
Pd/TiO2 by ED.
For the Au addition by ED, the catalytic activity was
found to increase with Au coverage. Considering the
ensemble effect on the activity, the Pd dilution effect
was assumed to be negligible because the relative ratio
of linear and non-linear was not signiﬁcantly changed.

The catalytic performances of Cu–Pd/TiO2 and Au–
Pd/TiO2 catalysts for selective hydrogenation of acetylene in excess ethylene could be improved by using the
combination of two methods including SEA for preparation of Pd catalysts and ED for second metal addition.
The Cu addition by ED promoted the formation of isolated Pd atoms, as revealed by the CO-IR results. The
ensemble effect was suggested to be responsible for
the improvement of acetylene conversion and ethylene
selectivity in the Cu–Pd/TiO2 catalysts, rather than the
electronic effect. However, Au addition by ED could
not increase the isolated Pd atoms but the electronic
modiﬁcation could be observed from the CO-IR and
XPS results. In addition, preparation of the bimetallic
catalysts by using conventional impregnation method
exhibited several drawbacks such as very low Pd dispersion, formation of second metal aggregates, and
blockage of isolated Pd atoms, hence the catalyst exhibited poor catalytic performances.
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